ABSTRACT. A model developed on the base of kinetic principles of mass transfer allows performing computer simulation of the oxidation of powder materials during the thermal spray process. Such simulation enables one to determine the oxidation degree of the powder. The calculation is based on determining quasi-stationary oxygen diffusion flow on a flying particle. Calculations performed for various spray powders and various flammable gases demonstrate a significant decrease of the oxidation degree with the growth of the particles diameter and density of a spray powder. The calculation results were confirmed by experiments.
Introduction.
Intensive oxidation of a spray powder occurs in the course of the thermal spray and particularly of the flame spray processes [1, 2] causing the formation of oxide film on the particles when these hit the base material surface. For instance, the oxidation of components of nickel self-fluxing powder is described with the following reaction equations: 2Ni+O 2 →2NiO These reactions cause changes of the spray material composition and deterioration of the coating properties [3] . The lack of experimental data in the literature prevents one from determining the dependence of the oxidation process on technological spray parameters and formulating recommendations on the lowering of the interaction of a spray powder with oxygen. Gershenson and Boronenkov [4] calculated the oxide contents in the slag film, which is formed on the coating surface during the plasma-spray process. Their calculations provide the equilibrium contents of the oxide film in contact with the coating material, but not any quantitative estimate of the oxygen content in the coating, because the coating to film mass ratio is unknown. Therefore, it is not possible to calculate the content of oxygen in an obtained coating, the burn-out losses of the powder components and thus to forecast the result of a thermal spray process.
An assumption was made [5] that the oxidation process is controlled by the step of oxygen diffusion in a gas stream. It is based on the fact that the interaction time of a particle with the gas flow is significantly longer than the time for the formation of a diffusion layer when a practically constant concentration gradient is achieved.
Another assumption, which considerably simplifies the calculations without a considerable increase of error, is that of oxygen mass-transfer being quasi-stationary. Therefore, the calculation of the oxidation depth of powder particles can be reduced to the calculation of the diffusion flow of oxygen towards a flying particle.
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Calculation algorithm
Taking into consideration the assumptions about gas diffusion being the ratedetermining step and the mass transfer process being quasi-stationary, the oxidation depth (ψ, mass percent) equals the number of moles of oxygen Q O , which has diffused to a spherical particle having mass m [6] :
(1) where ρ, V are the density and velocity of the particle, l is the distance of the nozzle edge to the item being treated. By expressing specific diffusion flow j as:
the basic equation for calculation of the oxidation depth for a particle having given mass and diameter is obtained:
where Nu is Nusselt number, D is the oxygen diffusion coefficient in the combustion products mixture сгорания, ρ, d, V are the density, diameter and velocity of the particle and С О is the oxygen concentration in the gas:
In analogy to plasma spray the value of the oxygen pressure in the combustion products stream P O2 according to experimental data [1, 7] is accepted (to 5% ) as:
where l c is the length of the stream core, mm, which is found by solving the equation for the gas velocity after the assumption about the gas velocity in the core stream being constant and equal to V g 0 . The particle velocity on a given trajectory length Δl i is fetermined from the expression [8] :
, μ g and ρ g are the viscosity and density of the gas. The temperature (T gi ) and gas velocity (V gi ) distributions in the burner torch are found for the internal zone I (fuel and combustion products) and the external zone II (oxidizer and combustion products) according the following formulae [11] : 
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where ( ) coordinates (х, у) . Along the torch axis P-function becomes:
The values of this P-function are given in tables [10] . Using the dependence of combustion products viscosity μ on the temperature [11] , the values of V g 0 , Т g 0 , d c , ρ, and equations (4)- (9), the oxidation depth ψ of a powder particle having diameter d can be found by the integration of equation (3).
Calculations
Equations (3) - (9) present the mathematical model of the oxidation of powder components during gas-flame spray process. An algorithm for their solution was developed and realized in a MS Excel-based program.
The program allows calculating the oxidation degree (i.e. the total amount of oxygen delivered to a particle) of the powder and the velocity of particles of the spray material as functions of various technological parameters, viz.:
− Granulometric composition and density of a spray material; − Fuel gas type (C 2 H 2 , CH 4 , C 3 H 8 , C 4 H 10 , H 2 ), its consumption and temperature and those of oxygen in the course of the spray process; − Spray distance. − Technological parameters of the gas burner (nozzle diameter, pressure and temperature of the surrounding air; Calculations were performed for various materials, fuel gases (C 2 H 2 , CH 4 , H 2 ) and spray distances (50-300 mm).
The initial flame velocity for the mixture of acetylene (10 L / min flow capacity) with oxygen (10 L / min flow capacity), standard METCO type 5P burner, P-7G nozzle with 10 0. 
Experimental
Because of relatively low temperatures of the gas stream occurring during gasflame spray (unlike those during plasma spray) no powder dispersion occurs [1, 7] . Therefore, the particles hitting the base material have the initial granulometric composition.
Sprayed coatings by nickel self-fluxing powder (Ni-Cr-B-Si), titanium and tungsten carbide were obtained. The determination of oxygen amount in the coatings was performed by vacuum melting on LECO TC-436 analyzer. The results of the analyses are given in Table 1 . In order to have the calculation results compared to the experiment, the oxidation degree ψ с was determined as:
where ψ i is the oxidation degree of powder particles of a given diameter as is determined from the figure 1, P i is the mass fraction of powder particles having mean diameter d i .
The calculated values are in reasonable accordance with the experiment (Table 1) , thus confirming the relevancy of the assumptions and the calculation algorithm. The calculated values being somewhat higher than the experimental, can be caused by a larger oxidation degree of particles moving along the periphery of the burner torch, where the velocity and the temperature of particles are lower and the oxygen concentration is higher. The difference between the calculated ψ and the experimental ψ c observed for the spray distance shorter than 100 mm (experiment 4 in Table 1 ) might be caused by the higher turbulence of the stream and the increase of oxygen contents in it as well as by the lengthening of the thermal cycle of particle crystallization on the substrate. For the case of tungsten carbide the difference can also be caused by the formation of volatile carbon oxides. The decisive influence of the particle diameters on the value of oxidation degree is confirmed by experiments 7 and 8 (Table 1) , viz. the coarser powder grains the poorer the oxidation. 
